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Background of the Invention 
This invention relates to improvements in methods of decontaminating water. 
More particularly, the invention relates to methods of disinfecting water using silver and 
ultraviolet (UV) radiation. 

10 Over the centuries numerous methods have been used to purify water and render it 

potable. Typically, this involves removal of particulate matter and disinfection of the 
water. Although sometimes relying on chemical treatment to disinfect pathogens, some 
small scale water purification systems, such as those used by backpackers, have recently 
used filters to remove both particulate matter and most biological and chemical 

15 contaminants. However, the use of filters to remove biological contaminants has been 
largely impractical on the scale of a municipal water treatment facility. For that reason, for 
over a century many large scale water purification systems have used chemical means to 
remove non-particulate contaminants. Such chemical purification means have sometimes 
proved to be somewhat ineffective and aesthetically objectionable when applied to large 

20 scale purification systems, such as municipal water purification systems. 

Chief among the chemical agents used for decontamination of most biological and 
chemical contaminants has been chlorine. It is readily available and is generally effective 
for its intended purpose when properly used. However, many consumers have objected to 
both the odor and taste that chlorine imparts to drinking water when used even within 

25 prescribed limits. Chlorine has also been linked to the formation of carcinogens when 
water containing organic matter is treated. In recent years, chloramine has replaced 
chlorine at a number of water treatment plants, at least in part because it has a somewhat 
less objectionable odor and taste than is typically found in water treated with chlorine. 
However, over the last few decades, because of aesthetic reasons and shortcomings in 

30 adequately treating water supplies in several large metropolitan areas in the United States 
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which has resulted in a number of people becoming sick due to pathogens in the 
improperly processed water, many consumers have installed water treatment devices in 
their homes or have taken to consuming bottled water. Accordingly, the costs incurred by 
the public either indirectly in water treatment at the municipal level or directly in obtaining 
5 more reliable or less offensive drinking water can be significant. 

It has been known since at least 1000 BC that water kept in silver vessels could be 
made potable. The bactericidal effects of silver have been known since the mid 1800s. 
Given contact times on the order of hours, silver ions, Ag + , have been shown to be an 
effective disinfectant against coliforms and viruses. In water, at concentrations sufficient 
10 for bactericidal activity, silver ions do not impart taste, color, or odor and have no apparent 
detrimental effects on mammalian cells. The only known negative health effect is argyria, 
an irreversible darkening of the skin and mucous membranes, which is caused by 
prolonged silver therapy . 

The mechanisms of the bactericidal activity of silver have been attributed to 
1 5 reactions between silver and both thiol groups and amino acids and the binding of silver to 
key functional groups in enzymes. Silver has also been shown to inhibit the respiratory 
chain and inhibit phosphate uptake in Escherichia coli. 

Silver is not typically used as a large-scale disinfectant in most developed nations, 
although it is popular in parts of Europe and in some developing nations as a drinking- 
20 water disinfectant. It is commonly used to prevent microbial growth in point of use filters, 
as a co-disinfectant for swimming pool water, which allows for lower chlorine levels in 
pools, and as a co-disinfectant in hospital hot water systems. 

For point of use applications, silver has been impregnated in activated carbon or 
ceramic filter candles. The desorption of silver from these water purification devices, 
25 automatically provides a residual disinfectant effect for users who may not have access to 
other disinfectants or understand the concept of disinfection and how to determine or 
measure a safe quantity of disinfectant for potable water. In addition, silver may be useful 
in potable water storage systems that have long contact times such as cisterns and water 
storage tanks used in the field by the military. 
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Two of the principal drawbacks associated with the use of silver as a disinfectant 
are the need for long contact times and the existence of silver-resistant organisms. 
Moreover, several reports on the use of silver impregnated water treatment devices suggest 
that silver provides little benefit as a disinfectant over the life of a typical point of use 
5 granular activated carbon (GAC) filter or filter candle. The causes for the reported 

inability of silver to effectively disinfect water in point of use applications remains largely 
unreported although silver-resistant bacteria may have been implicated in some cases. 

Unlike silver, ultraviolet (UV) radiation is considered a viable process for 
disinfecting drinking water and wastewater in large-scale water treatment systems because 

10 it is an effective means of inactivating pathogens, including bacteria, viruses and protozoa, 
such as Cryptosporidium parvum and Giardia lamblia, and it does not create significant 
disinfection byproducts. As with any disinfection process, an important consideration 
associated with UV radiation is cost. Power requirements for UV systems are primarily a 
function of the desired fluence (the product of irradiance and exposure time). In addition 

15 to an increase in operating costs, an increase in fluence can also result in a significant 
increase in capital costs. Microbial inactivation goals, which are a function of a target 
organism, set the UV design fluence which, for water treatment, can typically vary 
between 40 mJ/cm 2 and 140 mJ/cm 2 . Fluences as high as 170 mJ/cm 2 have been reported 
for 4-Log (99.99%) inactivation of adenoviruses in tertiary-treated wastewater, which 

20 indicates that fluences sufficient for inactivation of coliforms (e.g. ca. 8 mJ/cm 2 for E. coli) 
may not provide suitable inactivation of human adenoviruses. Because viruses are 
reported to be emerging as the pathogens that are most resistant to UV disinfection, they 
are likely to control the fluence requirements of disinfection processes in many cases. A 
reduction in the UV design fluence and subsequent capital and operating costs would make 

25 UV disinfection more appealing to municipalities who may wish to eliminate disinfection 
byproducts and improve inactivation of pathogens such as protozoa. 

Accordingly, it is an object of the invention to provide a method for improving the 
disinfection of aqueous systems by inactivation of pathogens, such as bacteria and viruses. 
It is a further object of the invention to provide an improved method of disinfecting 

30 drinking water treatment systems by inactivation of pathogens, such as bacteria and 
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viruses, which will impart no perceptible odor or taste to the water. It is another object of 
the invention to reduce capital and operating costs of water treatment methods and systems 
used to inactivate pathogens that employ UV radiation. Additionally, it is an object of the 
invention to provide an improved method for the disinfection of aqueous systems by 
5 inactivation of pathogens, such as bacteria and viruses, which minimizes or eliminates the 
formation of carcinogens. It is yet a further object of the invention to provide a method for 
improving the disinfection of aqueous systems by inactivation of pathogens, such as 
bacteria and viruses, with UV radiation in the presence of silver ion (Ag 4 ). 

10 

Summary of the Invention 

The present invention is directed to an enhanced method of disinfecting or 
inactivating pathogens in small to large scale water treatment systems generally, and 

15 drinking water and waste water systems specifically. In the discussion herein,, the term 

"disinfect," and variants thereof, means to destroy pathogenic microorganisms in or on any 
substance or to inhibit their growth and vital activity. In its broadest usage, the term 
"inactivate" and variants thereof, as applied to pathogens, may mean either killing a 
pathogen or preventing a pathogen (most typically a viral pathogen) from replicating and 

20 thereby disinfecting the environment in which the pathogen is found. In the discussion 
herein, this same term, inactivate, and variants thereof, is used to mean both killing and 
preventing replication, as applied to both non- viral and viral pathogens. Furthermore, in 
the present discussion, the term "pathogen" and variants thereof, includes bacteria; 
cyanobacteria; viruses; subviral pathogens, such as viroids and prions; entervirulent 

25 Escherichia coli group; algae; fungi; and protozoa. The term "fluence" or dose is a 

measure of the intensity of light or other radiation falling on a surface during a specified 
period of time, expressed as energy per unit area (J/cm 2 ). 

The present invention involves a method of disinfecting water in water treatment 
systems, both small and large scale, that while effective to inactivate the full range of 

30 pathogens that may be present in the water, such as bacteria and viruses, imparts no 

perceptible odor or taste to the water. In addition, the method of the invention minimizes 
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or eliminates the formation of carcinogens in the purification process, typically formed 
when water containing organic matter is treated with chlorine. The method of the 
invention is also much more cost effective compared to other methods and systems of 
water purification commonly used to inactivate pathogens which involve large capital and 
5 operating expenditures for energy or chemical agents. 

The aforementioned advantages and attributes of the present invention are realized 
by a method of treating water to inactivate pathogens, such as in drinking water 
purification and waste water treatment. More particularly, the present invention inactivates 
pathogens in an aqueous environment using the combination of ultraviolet irradiation and 

10 contact of the pathogen-containing water with silver ions, resulting in a greater inactivating 
effect than either treatment alone or from the sum of their separate effects. Since the 
process is significantly more efficient than treatment with UV light alone, a lower fluence 
is required to achieve inactivation sufficient to meet state and federal regulatory standards 
for treating drinking water and wastewater, resulting in a lower expenditure of energy and 

1 5 the concomitant costs related thereto. 

In its simplest form, the invention inactivates pathogens found in water by a 
method employing the steps of irradiating the water with ultraviolet light and contacting 
the water with silver ions. Ultraviolet irradiation may be carried out either prior or 
subsequent to introducing silver ions to the water being treated. 

20 

Brief Description of the Drawings 



Figure 1 graphically illustrates inactivation of MS-2 coliphage by silver (0.1 mg/L), 
UV radiation {ca. 40 mJ/cm 2 ), the, arithmetic sum of silver and UV radiation, and 
25 combinations of silver and UV radiation in a phosphate buffered solution (pH 7.2). 

Figure 2 graphically illustrates inactivation of MS-2 as a function of fluence and 
silver concentration in a phosphate buffered solution (pH 7.2). 

Figure 3 graphically illustrates inactivation of MS-2 as a function of silver 
concentration for a fluence of ca. 40 mJ/cm 2 in a phosphate buffered solution (pH 7.2). 



5 



Figure 4 is a schematic representation of the method of the invention as it is applied 
to a drinking water treatment plant. 

Detailed Description of the Invention 

5 

In the method of the invention, the inactivation of pathogens during purification of 
water, the improvement in the process is obtained by the synergistic combination of 
introducing silver ions to the pathogen-containing water being treated and exposure of the 
water to UV radiation. 

10 In combination with appropriate UV radiation, silver ions may be introduced to the 

water being treated in a particular application by any means suitable to provide a 
concentration adequate to inactivate the pathogens present. Thus, any source of silver that 
does not include a toxic anion in the concentrations of Ag + employed and which results in 
the formation of Ag + in aqueous solution in a sufficient concentration to achieve 

1 5 inactivation of pathogens is suitable for use in the present invention. The Ag + may be 

introduced in the form of a soluble silver salt either in solid form or in the form of a stock 
solution of known concentration. If a silver salt is used, silver nitrate is preferred because 
of its high solubility and relatively low toxicity. Silver nitrate is expected to find most 
widespread application in preparing small scale water purification apparatus, such as point 

20 of use devices, in which active carbon is impregnated with silver nitrate that is thereafter 
reduced to metallic silver of high surface area. It is believed that in use the carbon acts as a 
catalyst in the presence of oxygen to cause oxidation of metallic silver to its ionic form 
which is then desorbed. Depending on the conditions of the water being treated, such as 
pH etc., other silver materials may be employed and preferred in the process, including the 

25 use of silver metal of suitable surface area or an ion exchange resin containing silver ions. 
In the case of the former procedure, water of suitable pH would be treated by passing it 
through a fine mesh silver screen or a fine silver powder bed at a very slow rate, possibly 
recycling the water through the screen or powder bed. In the case of the latter method, 
water being treated could be passed through the ion exchange column, which column could 

30 periodically be withdrawn and regenerated in the silver form. Most preferred, however, 
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particularly for large scale inactivation, such as in municipal drinking water purification 
and wastewater treatment plants, is electrochemical generation of Ag + . The particular Ag + 
concentration and duration of Ag + presence in the water being treated depends at least in 
part on the nature and concentration of pathogens present. The Ag + concentration should 
5 be high enough to obtain the desired dose to achieve adequate pathogen inactivation 
according to the United States Environmental Protection Agency standards and those of 
the jurisdiction in which the facility is located if the facility is a drinking water purification 
plant or a wastewater treatment plant. Typically, Ag + concentrations for water treatment, 
particularly when drinking water is being treated, are suitably from about 0.001 mg/L to 

10 about 10.0 mg/L, preferably about 0.01 mg/L to about 0.5 mg/L and most preferably about 
0.08 mg/L to about 0.1 mg/L. These figures relate to "free" silver, that is unbound or 
uncomplexed silver. In some instances, more often found in the treatment of wastewater, 
high concentrations of compounds may be present which bind or complex with Ag + . In 
such cases, additional Ag + should be introduced into the system to account for the presence 

1 5 of such compounds. 

With respect to the duration of contact of the Ag + with the water, as noted above in 
the discussion of known methods of treating drinking water with Ag + , except for extremely 
high Ag + concentrations (significantly higher than what are proposed here for the present 
invention), there are no known adverse affects from water containing Ag + . Accordingly, 

20 silver may be allowed to remain in the treated water indefinitely. If the silver is removed 
from the treated water, the minimum duration of contact with drinking water again depends 
upon the concentration and type of pathogens present. However, in synergistic 
combination with UV irradiation according to the invention, to achieve adequate pathogen 
inactivation, the time the silver is present in contact with the water being treated is at least 

25 the minimum duration necessary to obtain the desired dose according to the United States 
Environmental Protection Agency standards and those of the jurisdiction in which the 
water treatment facility is located. Typically, a suitable time ranges from about 1 minute 
to about 240 minutes, preferably from about 1 minute to about 30 minutes, and most 
preferably from about 1 minute to about 5 minutes, varying somewhat with the output of 

30 the lamp used. When introduction of silver ion to the water being treated is followed by 
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UV irradiation, inactivation of pathogens does not increase significantly within these 
ranges. However, when introduction of silver ion to the water being treated is preceded by 
UV irradiation, inactivation of pathogens increases with longer silver ion contact times 
within these ranges. Longer silver ion contact times are generally required when UV 
irradiation precedes exposure to silver ion than vice versa. 

Ultraviolet irradiation may be conducted according to the invention using any 
equipment suitable for the volume of water being irradiated and which can provide a 
suitable fluence necessary to reduce active pathogen content to an acceptable level for 
drinking water or waste water purification. Typically this corresponds to the maximum 
pathogen content standards set by the appropriate governmental agency, such as the United 
States Environmental Protection Agency or the state agency in which the treatment plant is 
located. 

A suitable UV radiation source is one having a wavelength between about 200 nm 
to about 300 nm. Preferred is a mercury vapor lamp having a wavelength of about 254 nm. 
Mercury vapor lamps of either low or medium pressure design may be suitably employed 
in the invention. 

The fluence or dose of UV irradiation to which the water being purified is exposed 
depends, like the exposure to Ag + , at least in part on the nature and concentration of 
pathogens present in the water being treated and on the volume of water being treated. 
The presence of viruses or high concentrations of any pathogen (such as in the treatment of 
wastewater) typically requires higher fluences. As the data presented in the example set 
forth below illustrates, the fluence required to inactivate pathogens is less with the method 
of the invention than with the use of either UV radiation or Ag + alone or the sum of their 
separate fluences. 

EXAMPLE: 

The data presented below were collected while studying the effects upon 
inactivation of viruses in an aqueous environment of silver ions and UV radiation, 
individually, and using the synergistic combination of silver ions and UV radiation 
according to the invention. In the latter case, irradiation was conducted both before and 
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after virus samples were contacted with silver ion. Thus, Figure 1 illustrates graphically 
the inactivation of MS-2 by silver alone (0.1 mg/L) (bar 1), UV radiation alone (target 
fluence of 40 mJ/cm 2 corrected to 37 mJ/cm 2 using Petri, sample absorbance, and 
divergence factors, Bolton et al., vide infra) (bar 2), the arithmetic sum of ((bar 1) + (bar 
5 2)) (bar 3), silver (0.1 mg/L for 10 min) followed UV radiation (ca. 40 mJ/cm 2 ) then 

neutralized to terminate silver disinfection immediately (10 min total silver exposure) (bar 
4), and silver (0.1 mg/L for 10 min) followed UV radiation (ca. 40 mJ/cm 2 ) then 
neutralized 120 min after exposure to UV (130 min total silver exposure) (bar 5). The 
difference between bars 3 and 5 was found to be statically significant (p O.0001). A 

10 target fluence of 40 mJ/cm 2 was used because it has been proposed as a recommended 
fluence for water treatment systems. In each of Figures 1 to 3, error bars represent one 
standard deviation. The coliphage MS-2 (hereinafter referred to as "MS-2") was used in 
this study because it has been proposed as the benchmark for validation of full-scale UV 
reactors and it is considered a viable surrogate for pathogenic viruses. 

15 The variables studied also include UV light dose or fluence (Figure 2) and silver 

ion concentration (Figure 3). Figure 2 graphically illustrates inactivation of MS-2- 
containing water samples contacted with silver followed by irradiation as a function of 
fluence and silver concentration in a phosphate buffered solution (pH 7.2). MS-2- 
containing samples (0.05 mg Ag + /L or 1 mg Ag + /L) were contacted with cationic silver for 

20 73 minutes including the time required to achieve the specified fluence. Fluence data for 
UV only (♦) passes through the origin. The lowest fluence data for the samples containing 
silver in concentrations of 0.05 mg Ag + /L (■) and 1 mg Ag + /L (A) were 1 mJ/cm 2 . 
Regression data are presented in Table 1 . 

Figure 3 graphically illustrates inactivation of MS -2 -containing water samples 

25 contacted with silver followed by irradiation as a function of silver concentration. Silver 
ion contact (10 minutes) followed by UV irradiation led to a fluence of about 40 mJ/cm 2 in 
a phosphate buffered solution (pH 7.2). 

The reagents, procedures employed and results are presented below. 
Reagents : 
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Silver stock solutions were prepared by dissolving a predetermined mass of silver 
nitrate (Alfa Aesar, Ward Hill, MA) in deionized water. Total silver concentration was 
quantified using a colorimetic procedure (Hatch, Loveland Colo.) with a method detection 
limit of 0.05 mg Ag/L. Silver neutralizer stock solutions were prepared by combining 1 1 .5 
5 g sodium thiosulfate (J.T. Baker, Phillipsburg, NJ) and 5.0 g of sodium thioglycolate 
(Sigma, St. Louis, MO) with 50.0 mL of deionized water. Phosphate buffer solutions (20 
mM) were prepared by combining 5.678 g of Na 2 HP0 4 (Fisher Scientific, Fair Lawn, NJ) 
with 2 L of distilled water and adding sufficient NaH 2 P0 4 (Fisher Scientific, Fair Lawn, 
NJ) to obtain a pH of 7.2. Phosphate buffer solutions were autoclaved or filter sterilized 
10 before use. 

Preparation of purified MS-2 : 

A culture of Escherichia coli (ATCC 15597) was grown in tryptic soy broth (TSB; 
Difco Laboratories, Detroit, MI) at 37 °C and 150 RPM. Freeze dried MS-2 (ATCC 

1 5 1 5597-B 1) was mixed with 1 .5 mL of a 24 hour culture of the host £. coli and 3.0 mL of 
melted (45°C) TSB soft agar (0.5 % agar, w:v). The mixture was overlaid on TSB agar 
(1.5% agar, w:v) plates and incubated at 37°C for 24 hours. Six mL of 20 mM phosphate 
buffer was added to the plate and incubated for 1 hour. The phosphate buffer was 
removed, passed through a 0.22 fim filter and the filtrate was used as the MS-2 stock 

20 suspension having an initial density of ca. 2xl0 8 plaque forming units (pfu) per mL. 

Collimated beam setup : 

The collimated beam apparatus used (Suntec Environmental, Concord, Ontario, 
Canada) was modified to hold a stir plate and to allow for easy and reproducible vertical 

25 and horizontal adjustment. The sample platform on the instrument was covered with black 
paper to absorb UV radiation that passed through the sample. The two low-pressure 
mercury vapor lamps (emitting at a wavelength of 254 nm) in the instrument were warmed 
up for at least 30 minutes before all experiments were conducted. Lamp intensity was 
quantified with a UV detector (IL1400A, International Light, Newburyport, MA) by 

30 placing the detector at the same height as the sample surface. It was determined that 
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variations in lamp intensity across the surface of the samples were negligible by moving 
the detector in the horizontal plane at distances equivalent to the sample surfaces (vide 
infra), which resulted in a petri factor (PF) of unity. Fluence was determined by placing 
the detector in the integration mode following the removal of a shutter and recording the 
required exposure time. Variations in fluence resulting from drift in lamp output were 
typically less than ca. 0.5 %. However, lamp output was verified periodically during the 
course of an experiment to compensate for slight changes resulting from drift. The average 



fmW-s^ ( mJ ^ 
fluence — or - 

\ cm 2 J Vcm 2 J 



and divergence factor (DF = Z/Z + L, where Z = distance 



from the lamp to the sample surface (cm)) were determined using the method of Bolton, 
10 J.R.; Linden, K.G. J. Environ. Eng. 2003, 729, 209-215. 

Irradiation of Samples : 

Samples were prepared by combining 1000 ± 6 |iL of MS-2 viral stock suspensions 
with 9 ± 0.1 mL (8.9 ± 0.1 mL for samples containing silver) of phosphate buffer in acid- 

15 washed, sterile Pyrex glass petri dishes. All samples containing silver ion were prepared 
such that 100 ± 0.6 fiL of a particular silver stock solution was added to the MS-2 
suspensions in the petri dishes to minimize effects of dilution. Samples of MS-2 
containing silver ion were maintained at 25 ± 0.1° C for a predetermined time. The total 
volume (without stir bar) and depth (with stir bar) of the viral stock suspensions in the petri 

20 dishes were 10 mL and 0.6 cm, respectively. The viral stock suspensions were placed 
under the collimated beam and irradiated for a period sufficient to achieve the 
predetermined fluence. Samples were stirred slowly to prevent forming a vortex in the 
water. The time period during which the samples were in contact with silver ion prior to 
UV radiation was initially 73 minutes. However, it was later determined that there was not 

25 a statistical difference (p<0.1534) between samples having silver contact times from 5 
minutes to 120 minutes prior to UV irradiation. Consequently, contact periods were 
shortened. The period during which the MS-2-containing samples were in contact with 
silver reported herein included the time required to achieve the desired fluence of UV 
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radiation. Samples containing silver were neutralized to terminate silver disinfection 
following the contact period by adding approximately 10 jxL of the stock neutralizer 
solution, which was determined to be sufficient for neutralizing the highest silver 
concentration (10 mg/L) used in this work. Each experiment was conducted at least in 
triplicate. For all samples, a minimum of three dilutions were plated in triplicate using a 
standard double agar overlay technique using an E. coli (ATCC 15597) host grown at 37 ± 
0.1 °C for 3-6 hours. Plates were maintained at 37 ± 0.1 °C and enumerated at 24 ± 1 
hours. The dilution giving the highest number of plaque forming units (pfu) less than 300 
was averaged and used to obtain the MS-2 survival. Controls were conducted in triplicate 
and plated at various times during each experiment to ensure that conditions during the 
course of an experiment did not influence the number of plaque forming units in the stock 
suspensions. Log inactivation was calculated as follows 

o 

where, 

N t = average pfu in a particular treatment, and 

N 0 = average pfu in controls quantified on the same day. 
Neutralizer was also added to selected controls to verify that it did not influence MS-2 
inactivation. 

Results : 

Data for inactivation of MS-2 by silver ion (0.1 mg/L), UV radiation (target fluence 
of 40 mJ/cm 2 corrected to 37 mJ/cm 2 ) and combinations of silver and UV radiation are 
presented in Figure 1. Considered individually, the samples having contact with silver ions 
alone for 130 minutes, and samples exposed to UV radiation alone resulted in 
approximately 0.28-Log (47.52%) and 1 .87-Log (98.65%) inactivation, respectively. A 
measurable inactivation was not observed using a silver ion concentration of 0.1 mg/L only 
for 10 minutes of contact time. The arithmetic sum of the individual inactivations by silver 
(for 130 minutes of contact time) and UV radiation is approximately 2.15-Log (99.29%) 
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inactivation (column 3 in Figure 1). When contact with silver ion was followed by UV 
radiation, resulting in a total silver ion contact time of 10 minutes, a synergistic effect 
resulted in ca. 3.30-Log (99.95%) inactivation (column 4). Inactivation increased to ca. 
3.49-Log (99.97%) when silver ion was neutralized 120 minutes after exposure to UV 
5 radiation, which resulted in a total silver contact time of 130 minutes (column 5). The 
difference in the data presented in column 3 and column 5 in Figure 1 was found to be 
statically significant (p <0.0001). The data clearly show that there is a synergistic effect 
when silver and UV radiation are combined. The additional inactivation represented by the 
difference in the data presented in column 4 and column 5 of Figure 1 is comparable to 

10 inactivation by 0. 1 mg/L of silver alone (column 1) given the same contact time (1 30 min). 

Inactivation of MS-2 as a function of fluence is presented in Figure 2. Samples of 
MS-2 that were first exposed to silver (0.05 or 1 mg Ag + /L) for 73 minutes and then 
exposed to UV radiation are also presented in this figure. A silver ion contact time of 73 
minutes was used here because the influence of contact time on the synergistic effect 

1 5 between silver ions and UV radiation was not initially evaluated. It was later determined 
that when UV irradiation occurs after silver ion is introduced to the water being treated, 
silver ion contact time does not influence the synergistic effect, although it does provide 
additional inactivation by silver ion alone and by silver ion introduction preceded by UV 
irradiation. Inactivation of MS-2 by 0.05 mg Ag + /L or 1 mg Ag + /L, with 73 minutes of 

20 silver ion contact time without UV irradiation, was less than 0.3-Log and 1 .2-Log, 

respectively, which is consistent with data published in the literature for inactivation of 
MS-2 with silver. The inactivation data for MS-2 exposed to UV radiation, in the absence 
of silver, is congruent to data reported in the literature. 

In order to compare UV data for MS-2 reported in the literature with data in the 

25 current study, the data in Figure 2 were fit with linear functions (Table 1). The slopes for 
the regression lines through the silver-UV data (Table 1) are slightly greater than for UV 
alone. Because the y-axis corresponds to silver ion alone, the y-intercept values reported 
in Table 1 should be a function of the silver ion concentration and the silver ion contact 
time. The y-intercept values, obtained via linear regression, are somewhat higher than data 

30 for silver alone given 73 minutes of contact time (see above), which indicates that the 
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synergistic effect between silver ion and UV radiation was apparent at the lowest fluence 
evaluated (1 mJ/cm 2 ). 

Table 1. Regression Analysis for UV Disinfection Experiments Presented in Figure 2 



Silver Concentration (mg/L) 


Slope (cm /mJ) 


y-Intercept 


R 2 


0 


4.1xl0" 2 


0.13 


0.98 


5.0xl0" 2 


6.0x10 2 


0.87 


0.83 


1.0 


6.1xl0" 2 


2.85 


0.84 



Inactivation of MS-2 as a function of silver ion concentration for a target UV 
radiation fluence of 40 mJ/cm 2 (corrected fluence of 37 mJ/cm 2 ) is presented in Figure 3. 
A target fluence of 40 mJ/cm 2 was used because it has been proposed as a recommended 
fluence for water treatment systems. The synergistic effect between silver ion and UV 
10 radiation was most sensitive to silver concentration between 0.01 mg/L and 1 mg/L. The 
0.01 mg/L and 0.1 mg/L data are different from UV (40 mJ/cm 2 ) at the p < 0.0615 and p < 
0.0001 levels. There appeared to be no additional inactivation above a silver concentration 
of 1 mg/L under the conditions evaluated. 

15 Discussion: 

By itself, UV disinfection is not very effective at inactivating viruses compared to 
other organisms. Indeed, a fluence of almost 100 mJ/cm 2 was required to achieve a 4-Log 
inactivation of MS-2 (Figure 2) while only 1.92 mJ/cm 2 may be required to achieve a 4- 
Log inactivation of C. parvum oocysts. However, as illustrated in Figures 1 and 2, silver 
20 can greatly enhance the effectiveness of UV radiation for inactivation of viruses. At a 
silver concentration of 0.05 mg/L, which is below the United States Environmental 
Protection Agency Secondary Drinking Water Standard of 0.1 mg/L, the fluence required 
to achieve a 4-Log inactivation of MS-2 was reduced by ca. 45% (from 95 mJ/cm 2 to 52 
mJ/cm 2 ). At about the anticipated regulatory fluence of 40 mJ/cm 2 ), a synergistic effect 
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between silver and UV, at silver concentrations as low as 10 jag/L, was observed. At the 
same fluence, an MS-2 inactivation of ca. 3.7-Log (99.97%) was achieved at silver 
concentration of 0.1 mg/L, a significant improvement over the approximately 1.8-Log 
(98.42%) inactivation of MS-2 in the absence of silver. About 2-Log inactivation of MS-2 
5 was achieved at a fluence of 20 mJ/cm 2 and a silver concentration of 0.05 mg/L. 

Unlike silver ion by itself, substantial silver ion contact times are not required to 
achieve the synergy between silver ion and UV radiation. In fact, a silver ion contact time 
of 5 minutes prior to UV irradiation provides nearly the same Log inactivation as a silver 
ion contact time of 120 minutes (Figure 1). This finding suggests that a large clearwell 

10 with a long contact time is not required to obtain the synergistic effect of silver and UV 
radiation. (A clearwell is a reservoir for storing filtered water of sufficient quantity to 
prevent the need to alter the filtration process with variations in demand. A clearwell is 
also used to provide chlorine contact time for disinfection.) Preferably, silver ion (in place 
of chlorine) should also be used to provide residual disinfection in distribution systems 

1 5 (i.e., the conduits from a drinking water treatment plant) following a silver/UV disinfection 
process, by simply not removing silver ion from the treated water. Advantages of such an 
approach are savings in capital and operating costs. Similar advantages and savings may 
also be realized for processes in which a silver/UV disinfection procedure is followed by 
the introduction of lower concentrations of chlorine and the elimination of disinfection 

20 byproducts, since residual silver ion will allow for much lower residual chlorine 

concentrations in distribution systems because of the reported synergy between silver and 
chlorine. 

As noted above, the present invention is suitable for use both in continuous 
processes, such as in drinking water treatment plants and wastewater treatment facilities, 

25 and in point of use devices, such as those used to purify small amounts of water, on the 
scale of several ounces to several gallons in a single application. However, it is expected 
that the present invention will find most widespread application in the former. 
Conventional drinking water treatment is accomplished by methods which have been used 
for hundreds of years. The typical method draws raw water from a supply of surface or 

30 ground water and subjects the water to at least one and frequently all of the following 
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processes: flocculation and sedimentation (in which small particles coagulate into larger 
ones and settle out of the water stream), rapid sand filtration (to remove remaining 
particles), and disinfection with chlorine (to kill microbes). In municipal drinking water 
treatment facilities, the method of the present invention is either substituted entirely for the 
chlorination step or supplements it in part by preceding a more limited chlorination step. If 
the latter approach is used, silver may be reclaimed prior to chlorination or allowed to 
remain in solution during chlorination. It has been reported that a synergistic effect exists 
between silver and chlorine in inactivating pathogens. 

To inactivate pathogens in a large scale facility, such as a drinking water 
purification plant, the following procedure may be used: A silver ion stock solution, 
prepared either with silver nitrate or, preferably, electrochemically using silver electrodes, 
is added at the filter effluent as shown in Figure 4. The concentration of silver ion is 
adjusted such that the concentration in the main process train through the UV reactor is 
less than the United States EPA secondary standard of 0.1 mg Ag/L. This concentration 
limit is not required if silver is recovered at the clearwell effluent as discussed below. 
Baffles are placed upstream of the UV reactor to completely mix the silver ion with the 
water being disinfected. After passing through the baffles, the silver-containing water is 
conducted through the UV reactors. Since inactivation is largely a function of silver ion 
concentration and retention time in the UV reactor, operators can optimize system 
performance by changing either of these variables. 

After being exposed to UV radiation, the silver ion-containing water exits the UV 
reactor and enters the clearwell. Here, additional disinfection occurs due to the presence of 
silver ion. Chlorine might also be added at this point to increase disinfection. If excess 
silver is present at the clearwell effluent (i.e. above the USEPA secondary standard), then 
it may be collected electrochemically via a plating process, ion exchange or activated 
carbon. The reclaimed silver can then be reused as indicated above. 

A similar process as the method described above may be used for wastewater 
treatment, with some variations. For example, higher silver concentrations may be 
employed and the duration of exposure to UV radiation may be increased. Except for 
particular circumstances, if the processed water is to be introduced to a river, bay, or the 
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like, it would generally not be exposed to chlorine and the silver would normally be 
reclaimed. 

It is obvious that many modifications and variations of the present invention 
are possible in light of the above teachings. It is, therefore, to be understood that within 
the scope of the appended claims, the invention may be practiced other than as described. 
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